When a low-energy electron is incident on an interface between a metal and superconductor, it causes the injection of a Cooper pair into the superconductor and the generation of a hole that reflects back into the metal-a process known as Andreev reflection. In confined geometries, this process can give rise to discrete Andreev bound states (ABS), which can enable transport of supercurrents through nonsuperconducting materials and have recently been proposed as a means of realizing solid-state qubits [1] [2] [3] . Here, we report transport measurements of sharp, gate-tunable ABS formed in a superconductor-quantum dot (QD)-normal system realized on an exfoliated graphene sheet. The QD is formed in graphene beneath a superconducting contact as a result of a workfunction mismatch 4, 5 . Individual ABS form when the discrete QD levels are proximity-coupled to the superconducting contact. Owing to the low density of states of graphene and the sensitivity of the QD levels to an applied gate voltage, the ABS spectra are narrow and can be continuously tuned down to zero energy by the gate voltage.
. The devices consist of normal-metal end contacts (2 nm/50 nm Cr/Au bilayer) and SC tunnel probes 18, 19 (200 nm/30 nm Pb/In bilayer) (see Methods for details). The tunnelling resistances through the SC probes were typically 10-100 times larger than the end-to-end resistances.
In all samples, the charge neutral point, as seen in the end-to-end conductance versus back-gate measurements, shows a large offset to the positive-gate side (see Fig. 1c ,d for samples A and B, respectively). For example, sample A shows an asymmetric cone around the Dirac point at V g ∼ +17.5 V. The asymmetry and direction of offset are consistent with a work-function mismatch ( W ) at the Cr/Au-graphene interface, which results in a transfer of charge that equalizes the surface potentials 4 ; similar charge transfer effects have previously been predicted 4 and observed 5 . Because of its low density of states, graphene is efficiently doped by this charge transfer. The Cr/Au-graphene interface of the end contacts is dominated by the work function of the Au. (This is expected because the Cr layer is so thin as to be discontinuous. It is also similar to the Ti/Au-graphene contacts measured in ref. 5 .) Therefore, W ranges from 0.14 to 1.04 eV (see Methods for calculation). The positive W indicates hole (that is, p-type) doping of the graphene under the end leads.
The superconducting tunnel probe also leads to a local doping of graphene. However, for the Pb-graphene interface, W is −1.15 to −0.25 eV and is negative, implying local electron (n-type) doping. As illustrated in Figs 1b and 2a, the W doping generates a potential well underneath the SC tunnel probe, which acts as a confining potential for a QD-that is, a pn junction. Quantum dots formed by pn junctions have been observed in carbon nanotubes 20 , by means of work-function doping, and in graphene 21 , where Klein tunnelling through smooth barriers can lead to the confinement of carriers 22, 23 . The QD is also proximity coupled to the superconducting lead. The interplay of the resulting Andreev reflections with Coulomb charging effects gives rise to low-energy ABS (see Fig. 2b ). The ABS appear as subgap conductance peaks in our tunnelling conductance measurements. Independent experimental results demonstrating individual Andreev bound states within a carbon nanotube QD have recently been obtained 24 . In Fig. 3a we show typical tunnelling conductance measurements at a fixed gate voltage. The conductance is dominated by the characteristic BCS shape of the superconducting density of states of Pb, with the expected gap 2∆ = 2.6 meV. Small peaks occur inside the gap, where we might expect conductance to be suppressed exponentially with the tunnel barrier thickness 25 . No conductance is observed around zero bias, implying that the tunnel barrier is not leaky. The two lowest-energy subgap peaks are symmetric in bias voltage and have strong temperature dependence; the peaks decrease in amplitude as the temperature is raised to ∼0.8 K, above which the amplitude remains constant. This behaviour is consistent with the temperature dependence of Coulomb-blockade peaks in a crossover from a quantum to a classical dot regime 26 . In addition to the lowest-energy subgap peaks, we observe an oscillatory contribution above and below the gap. The oscillations are due to geometric resonances between the end contacts and ABS states in the QD (discussed further in Supplementary Discussion, part I); if the QD could be connected directly to the Cr/Au leads, the lowest-energy subgap peaks would still appear, but not the oscillations 24 . The oscillations can be clearly distinguished from the lowest-energy subgap peaks by very different gate-voltage dependence, as discussed below. Figure 4a shows a two-dimensional map of conductance versus bias and gate voltage for sample A. The lowest-energy subgap peaks show a striking gate-and bias-voltage-dependent pattern. Near zero gate voltage, the conduction peaks start to emerge from the SC gap edge. As the gate voltage becomes more negative, the peaks move towards zero bias and cross at V g ≈ −7 V. As the gate voltage is further decreased, the peaks split and then begin to converge again below V g ≈ −10 V. This pattern can be qualitatively explained as resonant transport through ABS levels (see Fig. 2b for a schematic diagram); the levels can be calculated from a simple phenomenological model (see below) and quantitatively fitted with detailed transport calculations (see Supplementary Discussion, part I), as shown in Fig. 4b . The correspondence between the calculation and the data for the lowest-energy subgap peaks is remarkable.
The appearance of subgap conductance peaks requires a competition between the charging energy (U ) and the effective superconducting pairing (∆ eff ) acting on the QD. We distinguish between two physical regimes: (1) U ∆ eff and (2) U ∆ eff . In regime (1), the spin-up and spin-down states of the QD are nearly degenerate. As these levels are gated to within ∆ eff of the Fermi energy of the SC, they are occupied by paired electrons/holes, and the QD effectively becomes incorporated as part of the SC interface 26 . The conductance is then Blonder-Tinkham-Klapwijklike and thus suppressed inside the gap, as in SC-normal interfaces with large tunnel barriers 25 . In contrast, for regime (2), the charging energy dominates, and the spin-up and down states are widely split in energy, promoting pair-breaking. The QD then acts like a normal metal, and ABS are formed from the discrete QD states, owing to Andreev reflections at the SC-QD interface. Resonant transport through the ABS levels leads to the observed subgap conductance peaks (see Fig. 2b ). The clear observation of the subgap features in the data suggests that our measurements are taken in regime (2) . Further evidence for the existence of ABS in our system is provided by means of a calculation based on a microscopic Hamiltonian that describes a graphene quantum well that is proximity coupled to a superconducting lead (see Supplementary Discussion, part II).
A phenomenological model that considers the effect of the SC proximity coupling on a single pair of spin-split QD states explains the lowest-energy ABS physics. The effective Hamiltonian for a proximity-coupled QD is where E shift represents the shift of the QD energy levels by the gate voltage, ε ↑ ,ε ↑ + U are the energies of the spin-split levels (we could equivalently choose ε ↓ , ε ↓ + U ) and c σ (c σ † ) are creation (annihilation) fermionic operators having spin σ =↑, ↓. For a QD of diameter R ∼ 100 nm (that is, roughly the size of the SC tunnel probe), the charging energy U ∼ e 2 /κR ∼ 5 meV (where e is the electron charge and κ = (1+ ∈)/2, and the dielectric constant of SiO 2 ≈ 4). The resulting ABS energy levels lie at
. For U = 0, the energies E ± are larger than |∆ eff | for all gate voltages, implying that the appearance of zero-bias subgap conductance features requires a non-zero charging energy. With increasing charging energy, a pair of zero-energy ABS appears at a critical value of U ,U c = 2|∆ eff |, on tuning the gate voltage such that E shift (V g ) = ε ↑ + ∆ eff . At this gate voltage and U c , the bound states are equal-amplitude superpositions of particle and hole states, and thus effectively charge neutral. At zero temperature, a quantum critical point separates the superconducting (U < U c ) and Coulomb-charging (U > U c ) regimes of the QD. This suggests the possibility of tuning through the quantum phase transition by changing the size of the QD.
For U > U c , ABS appear within the gap, with the gate-voltage dependence illustrated in Fig. 5 . Comparison with Fig. 4a shows that we observe the low-energy bound states and that E − can be extracted from the data. For example, at V g = −10 V, E − ∼ 0.5 meV. U can also be extracted if both zero-bias crossing points are observed, though the accuracy is only as good as the knowledge of the gate capacitance (see Supplementary Discussion, part I). Three resonant tunnelling diagrams corresponding to the three different gate voltages marked on the left-hand diagram. The solid (dashed) lines represent states which have dominant particle (hole) character. The bias voltages required for conductance through the ABS are the energy differences between the bound-state levels and E F of the SC. For point 1, one Andreev bound state (red) is below the SC gap edge and one (blue) is above; this gives two subgap peaks (red levels) in the conductance at finite (positive and negative) bias voltage. At point 2, an ABS is tuned to zero energy, which leads to a zero-bias conductance peak. At point 3, the ABS level is at the gap edge, which leads to subgap peaks that are pushed towards the gap edge.
From the fit in Fig. 4b , we extract U ∼ 7.7 meV. Interestingly, Fig. 5 also shows that there are two gate voltages at which zero-energy bound states exist; the second crossing point lies just outside the gate-voltage range of our measurements. We note that, for the transport calculations, sharp ABS resonances could only be found when the normal (superconducting) lead coupled to the QD had relatively low (high) density of states; this implies that a low-density 'lead' such as graphene is indispensable for obtaining narrow ABS spectra. Such a sharp resolution of the levels-which have decoherence times inversely proportional to their width-may open a route towards applications, such as the design of quantum computing qubits in graphene-SC heterojunctions 2, 3 .
Methods
The graphene samples were mechanically exfoliated onto highly doped Si substrates capped with 300 nm SiO 2 . The graphene thickness was determined by means of optical microscopy, Raman spectroscopy and atomic force microscopy. The devices consist of four electrodes on a piece of graphene (see Fig. 1a ). The two large end leads are Cr/Au and the narrower middle probes are Pb/In. The end electrodes were patterned by conventional electron-beam lithography and electron-beam evaporation of 2 nm Cr followed by 50 nm Au. The chips were then annealed in H 2 and Ar at 300 • C for 2 h. Next, the devices were covered in 12 layers of AlO x by means of atomic-layer deposition, and finally 200-nm-wide SC tunnel probes were patterned by conventional electron-beam lithography and thermal evaporation of 200 nm Pb followed by 30 nm In. The In is used as a protective capping layer, and does not seem to affect the superconducting gap in the Pb. The tunnelling resistances through the SC probes, R tunnel ∼ 200-500 k , are typically 10-100 times larger than the graphene's end-to-end resistances, R end−to−end ∼ 5-20 k . Sample A is a single-layer graphene device with a distance between the two end contacts L ∼ 4.2 µm, a width W ∼ 1.5 µm and an SC probe junction size of ∼0.2 × 0.2 µm (0.3 × 0.2 µm). Sample B is a multilayer device with L ∼ 6.4 µm, W ∼ 0.8 µm and an SC probe junction ∼0.3 × 0.2 µm. Measurements were made in a helium-3 cryostat using standard a.c. lock-in techniques. The measurement set-up is shown in Fig. 1a . Tunnelling differential conductance measurements were made by applying a sum of d.c. bias voltage V d.c. and a.c. excitation voltage V a.c. to the superconducting tunnel probe, and a voltage V g to the back gate, while measuring the differential conductance dI a.c. /dV a.c. at one of the graphene end contacts as illustrated in Fig. 1a . The sign of the charge transfer due to work-function-mismatch doping is the same as that of the mismatch W = W m − W g − W c , where W m is the work function of the metal, W g = 4.5 eV is the work function of the graphene 4 and W c ∼ 0-0.9 eV is an effective potential that arises from metal-graphene chemical interactions 4 For the Cr/Au-graphene interface of the end contacts (where the work function of the thick Au layer dominates that of the thin Cr), W Au = 5.54 eV so W = 0.14-1.04 eV. For the SC tunnel probe-graphene interface, W Pb = 4.25 eV so W = −1.15 to −0.25 eV. For the work function of the metals, we use standard theoretical values (see CRC handbook, 2008), which are consistent with known experimental results.
